This paper focuses on the multiple crack detection of steel pipelines using PZT-based guided waves. Numerical simulations of cracked pipes based on ultrasonic guided-waves are conducted by using the ANSYS finite element software. Based on the analysis of the reflected signal, the arrival time of the crack reflection waves are determined and the crack positions are accurately evaluated by the calculation of the travel time and group velocity of the PZT-based guided waves. The crack parameters are numerically altered to determine how the parameters impact the sensitive degree of the pipe crack damage. To validate the efficiency of the numerical simulation, an experiment of the multiple crack detection for the same parameter pipe with the numerical model is performed in the laboratory, and the results match well with the numerical simulation.
Introduction
Pipeline transportation has become one of the five forms of transport to keep pace with the railway, highway, aviation, water transportation [1] , which possesses many advantages, such as low cost delivery, large capacity, short construction period, small area of land occupation, safety, no pollution, and works in a harsh natural environmental condition. However, most of pipes might be working in a harsh environment, and subjected to a corrosion condition in the long-term use, which is extremely susceptible to generate degradation, corrosion and perforation, cracks and other defects, shown in Fig.1 . These defects may result in lowering the security of the pipeline working, and eventually lead to leakage, even explosion accidents. Therefore, it is of importance to develop the defect detection method for pipeline structures by using an effective way such as the PZT-based guided waves. However, pipeline damages such as cracks are not a single one; therefore, there is a need to further study the position and damage level of multiple cracks.
Basic Theory
Dispersion curves of guided waves. Guided waves usually have two basic characteristics: dispersion and multi-modal characteristics. Guided waves in a pipe can be divided into L mode, T mode and F mode. Based on the linear elastic theory, Gazis put forward the dispersion equation of harmonics transmitting in the infinitely long hollow pipe [2] , shown in Eq. (1). 6 6 0 ij C × = (1)
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Online: 2013-10-31 ISSN: 1662 -7482, Vols. 448-453, pp 3702-3708 doi:10.4028/www.scientific.net/AMM.448-453.3702 © 2014 Where, ij C is the coefficient which is associated with the wave number k and circular frequency ω. Gazis gave the analytical expression and indicated that the Eq. (1) is a kind of transcendental equation and can be solved by numerical method [2] . By using the numerical method to solve this determinant equation, the relationship among frequency, phase velocity and group velocity, expressed by the dispersion curve, can be obtained [3] . Based on the steel pipe with the diameter of 70mm, wall thickness of 4 mm, the dispersion curve is shown in Fig. 2 . It can be seen that the number of guided wave mode is not less than two at any frequency and increases rapidly with the increase of the frequency.
Physical model. An internal hollow steel pipe is selected in this paper as a research object to carry out the numerical simulation and experimental study, aiming at finding an effective way to indentify multi-cracks in the pipe. For the use of numerical simulation and experimental validation, a physical model is set up and material parameters are shown in Table 1 . Based on PZT-based guided waves, the numerical simulation for multiple cracks detection of the pipeline in this paper is divided into three categories:
Category I: Two cracks paralleling to the circumferential direction are artificially set up in the pipe to identify the accurate location of defects.
Category II: The shell elements are selected to simulate the damage of the pipe. By altering the crack length and width, the law how the length and width of cracks impact on the sensitivity degree of pipe cracks is found out.
Category III: The solid elements are selected to simulate undermined pipes. With the alteration of the crack thickness, the law how thickness of cracks impacts the sensitive degree of pipe crack damage is found out.
Experimental Study
Experimental setup. Pipeline structures in which the work environment is usually quite poor are greatly influenced by the environmental erosion. Combined with the effect of artificial factor, it will produce various kinds of defects. Considering the damage form of multiple cracks which may exist Applied Mechanics and Materials Vols. 448-453 3703 in pipeline, the experiment of a double crack damage pipe is carried out in this paper, to determine the respective position of two cracks in the pipeline and establish a basis for the numerical simulation below. During the experiment, arbitrary waveform generator, signal amplifier, digital oscilloscope and other equipment are used to establish an experimental system. The experimental setup is shown in Fig.3 . 
Where, n is the number of the single signal, c f is center frequency of the signal. The signal received in the receiving position is shown in Fig. 5 .
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Renewable Energy and Environmental Technology According to the Young's speed of the guided wave propagated in the pipeline, c g =5440m/s, it is calculated that the distances between the cracks and the receiving point for the Crack 1 and the Crack 2 are 0.5096m and 1.0366m, respectively. Compared with the actual measurement for the experimental pipe, the relative error is 1.92% and 2.13%, respectively. The cause of the error is considered from two ways. One is from the difference between the Young's speed calculated and the actual propagation velocity of the guided wave in the pipe. The other is that the time between defect echo and incident wave is different from the actual time.
Numerical Simulation
Simulation of two cracks detection. The solid model for the finite element analysis (FEA) is established according to the above-mentioned experiment. All material parameters and boundary condition are the same to the experimental pipe. For the FEA, the shell-63 unit is selected. The pipe model section radius is 35mm and the wall thickness is 4mm. To simulate the defect, the degree of central angle is used to measure the size of defect, and two cracks are simulated in the same way, shown in Fig. 6 . Fig. 7 Displacement-time curves of superimposed signal Because of two cracks in pipeline, the conversion mode will make flaw echo difficult to identify. In order to eliminate the influence of defect echo [4, 5] , we can average the receiving signal of each node which is located in the circumference of the pipeline. The averaged signal is shown in Fig. 7 .
The crack location is 0.503869m and 1.00295m, the relative error is 0.7738% and 1.186%.According to the comparison of the displacement-time curves of the simulated signal and the experimental one, it can be seen that the numerical simulation method is feasible and accurate. From the relative error, the calculated defect position and its actual position are basically consistent.
Impact of cracks length. According to the above-mentioned modeling method, pipes with cracks of 45, 60, 80 and 90 degree of central angles are simulated, respectively. In order to identify the sensitivity for the pipe to the defect length, width and depth, the concept of transmission coefficient is introduced, and its expression is shown in Eq. (3).
In which, R is the transmission coefficient, 0 V is the incident wave amplitude value, V is the flaw echo amplitude value.
In order to intuitively compare relations between the crack length and transmission coefficient, transmission coefficients for cracks of different degree of central angles are calculated and the curve is plotted, shown in Fig. 8 . We can clearly see that, with increase of the defect degree of central angle, the flaw echo amplitude value increases gradually, the end echo and the defect reflection coefficient gradually decrease, respectively, and the end transmission coefficient increases gradually under the condition of the same amplitude value of incident waves. Impact of crack width. According to the above-mentioned modeling method, pipes with 1.5mm, 2.0mm, 2.5mm and 3.0mm cracks are numerically simulated, respectively. Different flaw echo amplitude values and transmission coefficients are calculated with different defect width by using the same analysis method, which is shown in Fig. 9 .
It can be obviously seen that with the increase of crack widths, incident wave amplitude values and flaw echo amplitude value increase, respectively, and the end echo amplitude decreases gradually, but the change is very small. The defect transmission coefficients decrease gradually, the end transmission coefficient increase gradually, but the change is still small. Impact of crack depth. In the above-mentioned simulation, to simplify the simulation, the shell-63 unit is selected for the simulation of defects in the same thickness. However, when changing the thickness of defects, the solid-45 unit should be used [6] . The crack depth of 1.5mm, 2.0mm, 2.5mm and 3.0mm are simulated, respectively. The relationship between crack widths and transmission coefficients is shown in Fig. 10 .
From Fig. 10 , with increase of the crack depth, the defect transmission coefficient decreases gradually, and end transmission coefficient increases gradually.
Fig. 10 Transmission coefficients vs. crack depths

Conclusions
(1) It is feasible to simulate the pipe crack detection by using PZT-based guided waves. The location of the cracks can be exactly determined through actuating the guided wave with appropriate frequency and modal.
(2) With the increase of the crack degree of central angle, the flaw echo amplitude value increases gradually, the end echo and the defect transmission coefficient decrease gradually, respectively, and end transmission coefficient increases gradually under the condition of the same incident wave amplitude value.
(3) With the increase of the crack width, the amplitude values of two flaw echo increase and the end echo amplitude decrease gradually, but the change is very small. The defect transmission coefficient decrease gradually, end transmission coefficient increase gradually, but the change is still small.
(4) With the increase of the crack depth, the two flaw echo amplitude values increase and the end echo amplitude decrease gradually. The defect transmission coefficients decrease gradually and end transmission coefficients increase gradually.
